The regulation of l-cell mouse embryo development in culture by amino acids was investigated. When the 20 amino acids in Eagle's medium were present, blastocyst formation at 72 h (9%; p < 0.01), and blastocyst cell number (66; p < 0.05) and hatching (45%;p < 0.05) after 96 h of culture were significantly increased, compared to control embryos grown in the absence of amino acids (0%, 60, and 23%, respectively). The beneficial effect of Eagle's amino acids was attributed primarily to the nonessential group. In the presence of non-essential amino acids, blastocyst formation (54%; p < 0.001) and cell number after 72 h of culture (33;p < 0.05), and blastocyst cell number (69;p < 0.01) and hatching (68%;p < 0.01) after 96 h of culture were all significantly greater than for embryos cultured with all amino acids (9%, 26, 66, and 45%, respectively). In the absence of glutamine, essential amino acids significantly reduced blastocyst cell number after 96 h (53; p < 0.05).
INTRODUCTION
Development of mammalian embryos in culture is associated with cleavage delay [1, 2] , species-specific blocks [3, 4] and a reduction of viability [5] , indicating that media currently used for embryo culture are suboptimal. At present, embryo culture media tend to be rather simplistic in formulation, compared to those used to support somatic cells in culture, the majority being based on simple salt solutions with added energy substrates and a protein source. Such media were initially formulated 30 years ago to support the development of 2-cell mouse embryos in vitro [6] . Over the past three decades there has been little change in the composition of embryo culture media [7] .
Extensive studies on the hamster [8] have demonstrated that the inclusion of certain amino acids (asparagine, aspartate, glycine, histidine, serine, and taurine) in the culture medium stimulates the development of 1-cell embryos to the morula/blastocyst in vitro. In contrast, other amino acids (cysteine, isoleucine, leucine, phenylalanine, threonine, and valine) strongly inhibit development. Studies on Accepted September 24, 1992 . Received June 17, 1992 . glutamine have revealed that this amino acid can stimulate oocyte maturation in the hamster [9] and rabbit [10] and alleviate the culture-induced "2-cell block" in embryos from random-bred mice [11] . Recent experiments on hamster embryos in culture have shown that glutamine can serve as the sole nitrogen source for the development of 1-cell embryos to the blastocyst stage [12] .
Detailed biochemical analysis has shown that mouse oocytes and embryos maintain an endogenous pool of amino acids [13, 14] and possess specific transport mechanisms for amino acids throughout the preimplantation period [15] . Furthermore, the luminal fluids of both the oviduct and uterus contain significant levels of free amino acids [16, 17] , suggesting that amino acids may have a physiological role in preimplantation development. Indeed, Mehta and Kiessling [18] demonstrated that the inclusion of free amino acids in the culture medium is beneficial to the post-implantation viability of mouse zygotes cultured for 44 h in vitro. Furthermore, Spindle and Pedersen [19] found that specific amino acids enhance the hatching rates of mouse embryos cultured from the blastocyst stage. In spite of these data few, if any, studies have been performed on the effects of amino acids on development during the preimplantation period of the mouse embryo. This study was therefore designed to determine the effects of specific amino acids on mouse zygote development in vitro. *Concentration in mouse oviductal fluid determined fluorometrically [17] .
MATERIALS AND METHODS

Culture Conditions
Embryos were cultured in a modification of the Mouse Tubal Fluid medium (MTF), developed by Gardner and Leese [17] . This medium, designated mMTF, is characterized by a reduced sodium chloride concentration (103.4 mM) compared to the original formulation (114.2 mM). The culture medium mMTF has the following composition: NaCl 103.4 mM, KCI 4.78 mM, KH 2 PO 4 1.19 mM, CaCl 2 2H 2 0 1.71 mM, MgSO 4 -7H 2 0 1.19 mM, NaHCO 3 25.00 mM, sodium pyruvate 0.37 mM, sodium lactate 4.79 mM, glucose 3.40 mM, penicillin 0.06 g/L, streptomycin 0.05 g/L, phenol red 0.01 g/L, and BSA 4 g/L. Amino acids used to supplement this medium were added at the concentrations present in Eagle's Minimal Essential Medium [20] (Table 1) , with the exception of glutamine, which was present at 1 mM. For embryo collection and handling a HEPES-buffered modification of mMTF (H-mMTF) was used. In this medium 20 mM of NaHCO 3 was replaced with 20 mM HEPES, pH 7.4.
All salts and glucose were of Analar grade (BDH, Poole, Dorset, UK). Sodium pyruvate, sodium lactate, glutamine, ammonium chloride, and phenol red were of cell culture grade (Sigma Chemical Co., St. Louis, MO). Antibiotics and amino acid solutions were obtained from CSL (Parkville, Victoria, Australia). HEPES was supplied by Calbiochem (Alexandria, NSW, Australia). Bovine Serum Albumin, lot 90 (Miles Pentex Crystalline), was purchased from Bayer Diagnostics (Kankakee, IL). Embryos were cultured in groups of 10 in 20-1l droplets of medium [5] under a layer of paraffin oil (Labchem, Ajax Chemicals, Auburn, NSW, Australia) in 35-mm petri dishes (Nunclon, Roskilde, Denmark). All media were equilibrated in a gas phase of 5% CO 2 in air at 37 0 C overnight in the culture dishes before use. Initial experiments were designed to determine the effect of amino acids on mouse zygote cleavage, blastocyst formation, and blastocyst hatching. An examination of the amino acid profile of mammalian oviductal fluid and the endogenous pool in mouse oocytes and early embryos reveals that certain amino acids are present at higher levels than others [16] . There is a striking homology between those amino acids present at relatively high concentrations in the oviduct and oocyte and those present in the non-essential group of Eagle's Minimal Essential Medium (MEM) [20] (Table 1). Therefore, zygotes were cultured in the presence or absence of all 20 amino acids present in MEM, or in the presence of either the non-essential or essential groups. Owing to the beneficial effects of glutamine on oocyte maturation and embryonic development in culture, a further two groups were included in the study: non-essential amino acids with glutamine, and essential amino acids without glutamine. The following six treatments were subsequently used in this study: 1) mMTF (control); 2) mMTF + all 20 Eagle's amino acids; 3) mMTF + non-essential amino acids + glutamine; 4) mMTF + non-essential amino acids; 5) mMTF + essential amino acids; 6) mMTF + essential amino acids-glutamine.
Embryo Collection
Embryos were obtained from 4-6 wk-old F1 (CBA/Ca x C57BL/6) hybrid female mice, which do not exhibit cleavage arrest at the 2-cell stage in vitro. Virgin females were superovulated with 5 I.U. eCG (Folligon; Intervet, Lyppard, Victoria, Australia) administered i.p., followed 48 h later by 5 I.U. hCG (Chorulon, Intervet), and were placed with males of the same strain immediately after the second injection. The presence of a vaginal plug the following morning indicated that mating had taken place. Embryos for culture experiments were collected 21 h post-hCG in H-mMTF. Zygotes were collected from the ampulla of the oviduct. Cumulus masses were dispersed by a brief incubation (less than 1 min) in hyaluronidase (1 mg/ml in HmMTF). Zygotes were then washed three times in this medium and once in HEPES-free mMTF before being placed in culture. In all experiments, embryos from each female were randomly allocated to each treatment group. In experiments involving later stage embryos, 2-and 8-cell embryos were collected from the oviducts at 44 and 66 h posthCG by flushing the lumen with H-mMTF. Blastocysts were flushed from the uterus 88 h post-hCG. ula, fully compacted embryo; early blastocyst, a blastocoel less than or equal to two thirds of the total embryo volume; blastocyst, greater than two thirds to fully expanded blastocoel; hatching blastocyst, clear herniation of zona pellucida by the trophectoderm.
Cell Number Determination
Embryo cell number was determined using a modification of Tarkowski's air-drying technique [21] . Briefly, embryos were placed in a 0.4% trisodium citrate solution for up to 5 min, depending on the stage. Embryos were then transferred singly to a pre-cleaned microscope slide, in the minimal volume possible. A drop of fixative, (ethanol: glacial acetic acid, 3: 1), was then placed on the edge of the slide and allowed to pass over the embryo, subsequently spreading and fixing the cells. Blastomere nuclei were then stained with 10% Giemsa, in Gurr's buffer at pH 6.8, and counted. Embryo cell numbers were assessed after 72 h and blastocyst cell numbers were determined after 96 h of culture.
Microchemical Analysis of Ammonium Production
Production of ammonium by single mouse embryos at each stage of development was determined using an ultramicrofluorometric technique [22] . This technique is a miniaturization of conventional biochemical assays, using a quantitative fluorescence microscope as a microfluorimeter [23] . To determine the rate of ammonium production at each stage of development, embryos were removed from the female reproductive tract and washed several times in H-mMTF, then placed individually in 25-nl droplets of HmMTF, on a siliconized microscope slide under a layer of mineral oil. Embryos were subsequently incubated at 37°C for up to 6 h in the presence or absence of amino acids in the medium. Manipulation of the sub-microliter volumes of medium was achieved using specially constructed constriction pipettes attached to a micromanipulator. These pipettes were made on a microforge and calibrated with tritiated water. Serial nanoliter samples of medium were taken every hour and analyzed for ammonium using the following assay and reagents:
Glutamate dehydrogenase oa-ketoglutarate + NADH + NH4
The reagents had the following composition: 0.24 mM NADH, 0.75 mM NaHCO 3 , 0.63 mM ADP, 14.15 mM at-ketoglutarate, 3 U glutamate dehydrogenase/ml (EC 1.4.1.3), in 157 mM triethanolamine buffer, pH 8.0 (adapted from Bergmeyer and Gawehn [24] ). A calibration curve in the range 0-0.5 mM ammonium chloride was run with each experiment. The mean coefficient of determination for the calibration curve of 13 experiments was 0.995. There was no crossreactivitv of the assay with any free amino acids, i.e. the glutamate in the medium (0.1 mM) did not affect the assay by mass action. Determination of the ammonium concentration in culture media was achieved by removing sub-microliter samples of medium every 24 h and analyzing them using the above method.
Statistical Analysis
Differences in cell numbers in all treatments were determined by analysis of variance (ANOVA). Differences between individual treatments within a group were assessed by the Bonferroni method for simultaneous multiple comparisons [25] . Differences in the percentage of embryos reaching the morula, blastocyst, and hatching blastocyst stages were determined by performing an arc sine transformation. The transformed data were analyzed using ANOVA and Bonferroni method for simultaneous multiple comparisons. Differences in the production of ammonium from embryos and media were determined using analysis of covariance.
RESULTS
Effect of Amino Acids on Embryo Development In Vitro
A detailed analysis of embryonic development after 72 h of culture revealed that the inclusion of amino acids in the medium significantly increased blastocyst formation (Table 2 ). It was found that supplementing the medium with non-essential amino acids with or without glutamine significantly increased blastocyst formation and hatching rates compared to the other three media containing amino acids. However, after 96 h of culture, there was no difference in the percentage of embryos reaching the blastocyst in all treatments (Fig. la) .
In the presence of all 20 amino acids, there was no effect on embryonic cleavage rates at 72 h (Fig. lb) . However, by 96 h blastocyst cell number (65.7
1.2) was significantly increased (p < 0.05) compared to the control (59.8 ± 0.8).
The inclusion of non-essential amino acids in the medium, with or without glutamine, significantly increased the cell numbers after 72 h (30.8 + 1.4, with; 32.5 + 1.5, without; p < 0.05) and 96 h (68.9 + 0.9 with; 68.9 + 1.2 without; p < 0.01) compared to the control (22.5 + 1.1; 59.8 + 0.8, respectively). However, essential amino acids, with or without glutamine, had no effect on cleavage rates at 72 h. In contrast, after 96 h embryos developed in the presence of essential amino acids without glutamine had significantly fewer cells (52.7
1.2) than the control (p < 0.05). Figure c shows the effects of amino acids on blastocyst hatching after 96 h of culture. In the absence of amino acids 23% of blastocysts hatched. Hatching was significantly increased (p < 0.05) by the inclusion of all 20 amino acids in the medium (45%). In the presence of non-essential amino acids, with or without glutamine, a further increase in the hatching rate was observed (68%, with; 64%, without; p < 0.01). Incubating embryos in the presence of essential amino acids, with or without glutamine, had no effect on blastocyst hatching (31%, with; 28%, without).
Although blastocyst cell numbers were significantly increased by the inclusion of all 20 amino acids, or the nonessential amino acids, with or without glutamine (Fig. lb) , cleavage from the morula to the blastocyst stage was retarded in all treatments with amino acids. The percentage increase in cell number from 72 h to 96 h in culture was 166, 154, 112, 124, 146, and 118 for treatments 1 to 6, respectively (Fig. lb) .
Effect of Renewing the Medium on Embryo Development In Vitro
To alleviate accumulation of an end product of metabolism that could possibly impact on embryonic development, embryos were cultured in medium with all 20 amino acids and then transferred to a fresh drop of medium every 24 h or after 24, 48, or 72 h of culture. Control embryos remained in the same drop of medium for 96 h (Table 3 ). In the absence of amino acids, no apparent benefit was conferred on the embryos by moving them on any day of culture. In contrast, transferring embryos cultured in medium supplemented with amino acids to a fresh drop of the same medium after either 48 or 72 h of culture significantly increased the percentage (94%) reaching the blas- tocyst stage (p < 0.01; Table 3 ). The same pattern of development was observed when blastocyst cell numbers were determined (Table 3) . Transferring embryos after 72 h of culture resulted in the highest blastocyst cell number (69.3 + 1.1;p < 0.01), about 10% more than the control embryos cultured in the presence of amino acids for 96 h (63.6 + 1.1). In all treatments, the inclusion of amino acids in the medium significantly increased embryo cell numbers (p < 0.01).
In a separate experiment embryos were cultured in the presence of non-essential amino acids, with or without glutamine, (the medium that gave rise to the highest cell numbers in culture; Fig. lb) . Moving the embryos to fresh medium after 72 h gave rise to further increases in blastocyst cell number but had no effect on blastocyst formation. Blastocysts developed in the presence of non-essential amino acids without glutamine had 66.9 + 2.1 cells after 96 h of culture in the same drop of medium. This was increased to 71. 3 1.3 (p < 0.05) when they were transferred to fresh medium after 72 h. A similar pattern was observed when embryos were cultured in the presence of non-es- sential amino acids with glutamine. Blastocyst cell number was increased from 68.3 + 0.9 to 72.7 + 1.4 by transferring embryos to fresh media (p < 0.05).
Effect of Ammonium on Embryo Development In Vitro
The inhibition of embryonic development observed after continuous culture in the presence of amino acids for more than 72 h could possibly be attributed to the increasing levels of ammonium, which is produced by the embryonic metabolism of amino acids. Therefore the effect of ammonium on zygote development in culture was assessed, by titrating ammonium in medium mMTF over a range of 38 IM-5 mM, in the absence of amino acids. It was found that ammonium significantly decreased the number of embryos reaching the morula stage after 72 h of culture (p < 0.05) and the blastocyst after 96 h (p < 0.05), at a concentration of 0.62 and 0.15 mM, respectively. An ammonium concentration of 5.00 mM completely prevented blastocyst formation (Fig. 2) . Blastocyst cell number was also significantly decreased in the presence of 75 ~zM ammonium (p < 0.001), cleavage being further reduced at higher ammonium concentrations (p < 0.0001; Fig. 3 ).
Determination of Ammonium Production by Single Embryos Developed In Vivo
The rate of ammonium production by single mouse embryos is shown in Figure 4 . In the absence of amino acids from the medium there was a low but detectable amount of ammonium produced from the 2-cell stage onward, around 0.1 pmol/embryo/h. In contrast, when amino acids were included in the medium, ammonium production was detected at the zygote stage (0.05 pmol/embryo/h), with significant increases in production at the 2-cell (0.48 pmol/ embryo/h) and blastocyst (1.01 pmol/embryo/h; p < 0.01).
The maximum rate of ammonium production was detected at the blastocyst. Based on the data obtained, 10 embryos in a 20-1 .d drop of medium will produce around 0.025 mM of ammonium after 96 h of culture. This level is below that found to be inhibitory to mouse embryos in culture.
Determination of Ammonium Production by the Breakdown of Amino Acids in Culture Media
Because amino acids are labile in solution at 37 0 C and their breakdown in the medium will contribute to the final concentration of ammonium, the concentration of ammonium present in the six media used in this study was measured on successive days of culture (Table 4) . At the onset of culture there was no ammonium detected in any media. In the absence of amino acids, no ammonium was detected during the 96-h incubation period, in the presence or absence of embryos. Significant levels of ammonium were detected in all five media containing amino acids 24 h after the initiation of culture. The levels of ammonium increased linearly with time, reaching a concentration of around 0.3 mM at 96 h. Ammonium levels were elevated when embryos were present in the drop of medium. Only in the presence of essential amino acids without glutamine was ammonium production by embryos significantly greater (0.327 mM) than the ammonium produced by the spontaneous breakdown of amino acids alone (0.143 mM; p < 0.05). When all 20 amino acids were included in the medium, 10 embryos accounted for an ammonium concentration of 0.077 mM after 96 h of culture. This is about a threefold increase over the amount of ammonium that could be produced by embryos developed in vivo (0.025 mM).
DISCUSSION
The main finding of this study is that mouse zygote development in culture can be regulated by amino acids and +non, non-essential amino acids; gin, glutamine; ess, essential amino acids. aSignificantly different from medium without embryos: p < 0.05. ammonium in the medium. The observation that certain groups of amino acids can either stimulate or inhibit mouse embryonic development is in agreement with the work of Bavister and Arlotto [26] and Bavister and McKiernan [8] , who found that specific amino acids either enhance or suppress hamster zygote development in culture. Earlier studies, focusing on the later stage hamster embryo, had also demonstrated that amino acids present in the culture medium either stimulate or inhibit development in vitro [27, 28] . The amino acids found to confer the greatest benefit to mouse zygotes in culture were Eagle's non-essential amino acids supplemented with glutamine. This group of amino acids bears a striking homology with those present at relatively high levels in the mammalian oviduct and endogenous pool in the early embryo (Table 1) . Interestingly, of those amino acids found by Bavister and McKiernan [8] to stimulate the development of hamster zygotes in culture (asparagine, aspartate, glycine, histidine, serine, and taurine), five are present at high levels in oviductal fluid (Table 1). Similarly, the group of amino acids that inhibited mouse embryonic cleavage (Eagle's essential amino acids without glutamine) contain all the amino acids found to be most detrimental to hamster zygote development (cysteine, isoleucine, leucine, phenylalanine, threonine, and valine), all of which are present at low levels in oviductal fluid [16] . It is of note that the endogenous amino acid pool of sea urchin embryos is also characterized by high levels of glycine, lysine, serine, and glutamate [29] , indicative of a common role for these amino acids in early embryonic development.
In the absence of glutamine, essential amino acids significantly inhibited blastocyst cell number, inferring a stimulatory role for glutamine in development (Fig. lb) . Stimulatory effects of glutamine on embryos in culture have previously been recorded by Chatot et al. [11] , who showed that glutamine alleviates the 2-cell block in mouse embryos; by McKiernan et al. [12] , who found that a low percentage of 2-cell hamster embryos develop to the blastocyst with glutamine as the sole energy and nitrogen source; and by Petters et al. [30] , who demonstrated that glutamine supports development of pig zygotes to the blastocyst. Glutamine is readily taken up and metabolized by the mouse embryo at each stage during the preimplantation period [31] [32] [33] . It is not known how glutamine confers its benefit to the embryo, but it is most likely to be utilized as an energy source for the developing conceptus. Bae and Foote [10] demonstrated that glutamine stimulates rabbit oocyte maturation in vitro. It was later established that the oocvtes utilize glutamine oxidatively [34] . Recent studies by Rieger and Guay [35] and Rieger et al. [36] have shown that the bovine embryo uses glutamine as an energy source throughout development, utilization being greater than glucose prior to the blastocyst. However, the role of glutamine in biosynthetic processes cannot be discounted. Glutamine is utilized by proliferating cells both as an energy source via glutaminolysis and as a precursor for macromolecules [37, 38] .
The inclusion of essential amino acids in the medium had no effect on blastocyst hatching. In contrast, when all of Eagle's amino acids were present, hatching was significandy increased. Further increases in the hatching rates were observed when only the non-essential amino acids, with or without glutamine, were present. The beneficial effects of Eagle's amino acids on mouse blastocyst hatching has previously been reported [19] . Paradoxically, Spindle and Pedersen [19] found that the omission of histidine, methionine, threonine, tryptophan, tyrosine, or valine (all essential amino acids) from the medium significantly reduces the incidence of hatching. Their data initially appear to contradict the results of the present study, in which non-essential amino acids stimulated blastocyst hatching. However, Spindle and Pedersen [19] used blastocysts recovered from the uterus on Day 4 of development, whereas the embryos in the experiments described above were obtained from the zygote. It is conceivable, therefore, that embryos developed in vitro and in vivo have different nitrogen requirements. An alternative explanation for the observed differences is that the embryos used by Spindle and Pedersen [19] were collected around the time when the experiments in this study were terminated, i.e. the blastocyst. Embryos at this later stage may have different amino acid requirements compared to the early embryo. Indeed, the preimplantation embryo exhibits a changing nutrient preference as development proceeds [39, 40] , reflecting the changes in the energy metabolism of the embryo that occur between fertilization and the blastocyst stage [41, 42] .
With the exception of glutamine, the beneficial effects of amino acids on the development of embryos in culture can be attributed to Eagle's non-essential amino acids. Although blastocyst cell numbers were significantly increased by the inclusion of all Eagle's amino acids, further increases to the control were observed when media contained only the nonessential amino acids. These amino acids may affect embryonic development in several ways. In addition to being utilized in protein synthesis, Bavister and McKiernan [8] have proposed that certain amino acids, such as glycine and taurine, may act as regulators of intracellular pH (pHi) in the early embryo, which appears to lack the Na+/H + antiporter [43, 44] . Van Winkle et al. [45] have demonstrated that glycine acts as an intracellular osmolyte by protecting the developing embryo against high ionic environments, such as that found in the oviductal lumen [46, 47] . In a recent study by Dumoulin et al. [48] , it was shown that 1-10 mM taurine as the sole amino acid source significantly increases blastocyst development of 2-cell mouse embryos in culture. Taurine is present at high levels in the oviduct (Table 1) . Furthermore, amino acids are chelators of embryo toxins, such as heavy metals.
The preference of mouse embryos for non-essential amino acids may be an adaptation of the embryo not to utilize those amino acids used by the somatic cells of the female reproductive tract (i.e., the essentials), the embryo would therefore not have to compete with maternal cells for a nitrogen source. Similarly, the embryo utilizes pyruvate and not glucose prior to blastocyst formation and thus does not have to compete for metabolites with cells of the reproductive tract.
The beneficial effect of moving embryos to fresh medium after either 48 h or 72 h of culture is most likely to be due to the removal of embryos from an increasing concentration of ammonium in the medium. Although moving the embryos to fresh medium every 24 h would alleviate the build-up of ammonium, there was no corresponding increase in embryonic development. However, mouse embryos appear to produce a factor(s) that can stimulate development [5, 49] . The beneficial effect of this factor(s) on embryonic development would therefore be lost when the embryos are transferred to fresh medium. A longer exposure to this factor(s) appears to be beneficial to embryos even when ammonium concentration in the medium was increasing. This would explain why embryonic development was greater when the embryos remained in the initial medium for 72 h compared to 48 h, the former group of embryos being exposed to the factor(s) for longer.
Bae and Foote [33] have previously shown that rabbit follicular oocytes produce ammonium when matured in vitro in a medium free of amino acids. The rate of ammonium production was increased when oocytes were matured in the presence of glutamine. The inclusion of methionine, phenylalanine, and proline to the medium however, did not increase ammonium production during culture. The detrimental effects of ammonium on somatic cells have been well documented. In vivo, hyperammonemia produces marked alterations in intermediary carbohydrate metabolism [50] . In vitro, ammonium is produced by somatic cell metabolism and the spontaneous breakdown of amino acids in the medium, resulting in a reduction in cell multiplication [51] . Despite the adverse effects of ammonium on cell physiology, there have been no studies on the effects of ammonium on oocytes or embryos in culture.
This study has shown that not only is ammonium highly toxic to mouse embryos in vitro, but that it is also produced at significant levels by the embryo when cultured in the presence of amino acids. This problem is further compounded by the large amounts of ammonium generated by the breakdown of amino acids at 37°C. The level of ammonium produced by mouse embryos increases significantly during the 2-cell and blastocyst stage and is strikingly similar to that of glucose [52] and amino acid transport [53] , reflecting increases in embryo metabolism at these stages. The apparent threefold increase in ammonium production by embryos developed in vitro (0.077 mM) compared to those developed in vivo (0.025 mM) may be attributed to the perturbation of metabolism induced by chronic exposure to ammonium, or to the effects of culture per se. It has been documented that relatively short periods of culture (about 16 h) can induce gross changes in the metabolic profile of mouse embryos [17, 54] .
Although amino acids are present in the fluids of the female reproductive tract, any ammonium produced by the embryos could be absorbed or neutralized by the epithelial cells of the oviduct and uterus, thereby negating any possible toxic effects. Ammonium in the culture medium may affect the developing embryo in several ways: Ammonium could decrease the concentration of ct-ketoglutarate by its conversion to glutamate (Materials and Methods for reaction). This would impair the flux through the TCA cycle leading to serious depletion of ATP in the cell. Furthermore, ammonium can activate the enzyme phosphofructokinase [55] , resulting in increased glycolytic activity, a pathway that appears to be detrimental to the early cleavage stages [56] . Alternatively, ammonium as a weak base could elevate pHi, against which the mouse embryo appears to have no regulatory mechanism [43, 44] .
The detrimental effects on cleavage of essential amino acids without glutamine compared to those of the non-essential amino acids can not be attributed to ammonium production, because both groups of amino acids produced similar levels of ammonium when incubated at 37°C.
The liberation of embryo-toxic ammonium in culture medium containing amino acids may explain the results of previous studies [57] that failed to show a beneficial effect of amino acids on embryonic development in vitro. In such studies, embryos were routinely cultured in the same drop of medium for 4-5 days.
In conclusion, this study has demonstrated that amino acids have a significant effect on mouse embryonic development in vitro. The precise mechanism by which certain amino acids either stimulate or inhibit development has yet to be determined, but it is probable that individual amino acids affect different embryonic functions, i.e. some as osmolytes, some as regulators of phi, others as energy substrates. The control of preimplantation mammalian embryonic development in culture has been the focus of much research, primarily on the role of nutrients and ions. The role and interactions of medium components warrants further investigation to obtain a more complete understanding of embryonic development and its control in vitro.
